Partial small subunit ribosomal DNA (SSU rDNA) sequence analysis was used to determine the phylogenetic position and genetic diversity of the arborescent agglutinated foraminifer Notodendrodes hyalinosphaira. Our results show that N. hyalinosphaira is closely related to N. antarctikos, a co-occurring arborescent species. In all phylogenetic analyses employed, both species branched within a well-defined group. No sequence variations were observed within either species. However, molecular examination of different infaunal ''quartz sphere'' morphotypes attributed to N. hyalinosphaira, among others, reveals the presence of two distinct genotypes which may represent as yet undescribed ancestors of Notodendrodes.
INTRODUCTION
Foraminifera that construct branching tests and stand erect from the sediment surface or hard substratum are broadly termed ''arborescent'' species. It is generally accepted that arborescent morphologies reflect an adaptation for suspension feeding (reviewed in Lipps, 1983) . Such species are widely distributed, particularly in oligotrophic marine settings. Examples range from the arborescent morphotypes of Homotrema rubrum, a calcareous species inhabiting coral reefs (Emiliani, 1951; Elliott and others, 1996) , to agglutinated forms such as Arborammina in the abyss (Shires and others, 1994) .
Because arborescent morphologies are adopted by diverse foraminiferal genera that construct either agglutinated or calcareous tests, they clearly do not form a phylogenetically cohesive group. Little information is available, however, regarding the molecular relatedness of arborescent unilocular agglutinated foraminifera that appear, at least superficially, to be closely related. Do their arborescent body plans correspond to homologous characters inherited from a common ancestor, or do they result from convergent adaptation to the same mode of suspension feeding?
Two species of arborescent agglutinated foraminifera, Notodendrodes hyalinosphaira (DeLaca and others, this volume) and N. antarctikos (DeLaca and others, 1980) , coexist in the shallow-water benthos of Explorers Cove, McMurdo Sound, Antarctica. Both species extend arborescent structures from an infaunal, unilocular test that houses an allogromiid-like cell body (Bowser and others, 1995) . These species have an extremely restricted distribution, having only been reported from Explorers Cove. As such, they represent an excellent group for exploring the evolution of arborescent agglutinated tests. In addition, N. hyalinosphaira is unusual in that four morphotypes are distinguished, with the arborescent morph being differentially expressed (see DeLaca and others, this volume). However, its basic test form is a simple quartz sphere that possesses few characters to confidently distinguish N. hyalinosphaira from co-occurring agglutinated spheres (Gooday and others, 1996) .
In this paper, we use SSU rDNA sequence analysis to examine the molecular relatedness of N. hyalinosphaira and N. antarctikos, as well as to establish their phylogenetic position among foraminifera. We also explore the genetic diversity of these notodendrodiids, and investigate the identity of putative N. hyalinosphaira morphotypes.
METHODS
Specimens were collected at Explorers Cove, McMurdo Sound, Antarctica during two field missions in 1998 and 1999 (for site description see DeLaca and others, 2000) . Scuba divers obtained arborescent specimens from 25-27 meters depth using hand-held sediment cores; additional specimens including putative notodendrodiid congeners and morphotypes were obtained using an airlift sampler (detailed in Pollock and Bowser, 1995) . After collection, each specimen was thoroughly washed and the spherical portion of the test was microdissected with needles to isolate the cell body. In total, 4 arborescent specimens of N. hyalinosphaira, 35 ''quartz spheres'' (i.e., putative N. hyalinosphaira infaunal morphotypes and congeners), and 5 arborescent specimens of N. antarctikos were examined. All arborescent specimens were extracted individually, while in the case of ''quartz spheres'' some DNA isolates contained more than one specimen.
DNA was extracted using either a DNeasy kit (Qiagen) or the guanidine method described by Tkach and Pawlowski (1999) . PCR amplifications were performed on a total volume of 50 l with an amplification profile consisting of 40 cycles of 30 s at 94ЊC, 30 s at 50ЊC, and 120 s at 72ЊC, followed by 5 min at 72ЊC for final extension. The amplified PCR products were purified using a High Pure PCR Purification Kit (Boehringer), and then either sequenced directly or ligated into the pGEM-T Vector System (Promega) and cloned in XL-2 Ultracompetent Cells (Stratagene). Sequences were obtained using an ABI PRISM Big Dye Terminator Cycle Sequencing Kit and an ABI 377 DNA sequencer (Perkin-Elmer), all according to the manufacturer's instructions.
A fragment of about 1,000 bp situated at the 3Ј end of the SSU rDNA (as described in Pawlowski and others, 1997) was used to study the phylogenetic position of N. hyalinosphaira. A shorter fragment of about 400 bp was used to investigate the genetic diversity in both species. The PCR primers used for amplification of the longer fragment FIGURE 1. Phylogenetic position of Notodendrodes hyalinosphaira inferred from partial SSU rDNA sequences using maximum likelihood analysis based on 821 unambiguously aligned sites excluding all gaps. Numbers at nodes represent percentage bootstrap support for ML/NJ analyses. The tree was rooted at Crithionina and Allogromia sequences based on larger database analysis.
were s14F3 (5Ј ACG CA(AC) GTG TGA AA CTT G) and sB (5Ј TGA TCC TTC TGC AGG TTC ACC TAC); the shorter fragment was amplified using primers s14F3 and s17 (5Ј CGG TCA CGT TCG TTG C). The primer s14F1 (5Ј AAG GGC ACC ACA AGA ACG C) was used for direct sequencing of PCR products. Sequences used in this paper are deposited in GenBank under the following accession numbers: AJ311213-AJ311218 and AJ317985-AJ317995.
Sequences were aligned manually using the SEAVIEW program (Galtier and Gouy, 1996) . Phylogenetic analyses employed the neighbor-joining (NJ) method (Saitou and Nei, 1987) , applied to distances corrected for multiple hits and for unequal transition and transversion rates using the K 2 model (Kimura, 1980) , and the maximum likelihood (ML) method as implemented in the fast DNAm1 program (Olsen and others, 1994) . The reliability of internal branches in the NJ and ML trees was assessed using the bootstrap method (Felsenstein, 1988) , with 1000 and 100 replicates respectively. The PHYLOWIN program (Galtier & Gouy, 1996) was used for distance computation, tree building, and bootstrapping.
RESULTS AND DISCUSSION

PHYLOGENETIC POSITION OF NOTODENDRODES HYALINOSPHAIRA
Sequences of a 1,000 bp fragment of SSU rDNA were obtained for single specimens of N. hyalinosphaira and N. antarctikos taken from sediment cores. The two sequences were compared to our SSU rDNA database containing over 100 foraminiferal species (data not shown), from which a group of 10 species showing closest affinities to N. hyalinosphaira and N. antarctikos was selected. The genera Allogromia and Crithionina were used as the outgroup; however, phylogenetic relationships within the Notodendrodes clade did not change if the tree was rooted on other allogromiids.
N. hyalinosphaira and N. antarctikos branched together with 100% bootstrap support for their grouping using NJ and ML methods (Figure 1 ). Their sequences differed by 3.4%, which is comparable to the divergence observed using the same analysis between two Allogromia (2.6%) or two Crithionina (4.1%) species. In comparison, the divergence between N. hyalinosphaira, N. antarctikos, and the next most closely related species (Rhabdammina cf. cornuta) averages 10.5%, while the divergence between Crithionina and Allogromia averages 29%.
N. hyalinosphaira and N. antarctikos grouped together with four other species, namely Rhabdammina cf. R. cornuta, Hemisphaerammina bradyi, and two allogromiids (# 1182 and # 664; probably two new species). Two of these, H. bradyi and # 1182, form a well-supported group (95-100% bootstrap value). Both species have similar Hemisphaerammina-type morphology; i.e., their sarcodes are covered by a finely agglutinated, dome-shaped test that is attached to a solid substratum. By contrast, the other two species are clearly different: the distinctive test of Rhabdammina cf. R. cornuta is branched, tubular, and coarsely agglutinated, whereas # 664 is oval and possesses a simple, non-agglutinated theca. The molecular grouping of such different morphotypes is difficult to explain. However, given the similarity of their sequences and strong support (89-100% bootstrap values) for this group, their molecular relatedness seems unlikely to be an artifact. We are currently examining sarcodes of these species for ultrastructural features that might support the molecular data.
From these results, it seems likely that the arborescent morphology and erect life position within this group are homologous characters inherited from a common ancestor. There is no doubt that both Notodendrodes species are very closely related. They share a common ancestor with Rhabdammina cf. R. cornuta and the genus represented here by two genotypes (A131, A136) found as the ''quartz spheres'' similar to those of N. hyalinophaira. Some of these forms may construct delicate arborescent appendages, such as the epibenthic ''flower'' portion of N. hyalinophaira, which is destroyed during conventional collection procedures such as sieving. In fact, such structures have been observed in some Rhabdammina collected from sediment cores in 1999 (unpublished observations). A similar branching system of finely agglutinated tubes is also observed on many Hemisphaerammina attached to valves of the Antarctic scallop Adamussium colbecki. This does not mean, however, that all arborescent agglutinated foraminifera share a common ancestor. Several very different genera, such as Pelosina, Radicula, Saccodendron, and others, have arborescent forms (DeLaca and coworkers, 1980; Shires and coworkers, 1994) . Initial analyses of our molecular data indicate that these genera are not phylogenetically related to Notodendrodes.
GENETIC DIVERSITY DNA was extracted from 35 quartz spheres selected as potential morphotypes of N. hyalinosphaira. A 400-bp frag-FIGURE 2. Neighbor joining tree illustrating the relationships between 29 SSU rDNA sequences obtained from different morphotypes of Notodendrodes hyalinosphaira, Notodendrodes antarctikos, and related species. The NJ analysis was based on 266 unambiguously aligned sites. Sequences from ''quartz spheres'' are marked with a dark circle. The tree was rooted at ''allogromid # 664'' following the analysis of larger SSU fragment (see Figure 1) . ment of SSU rDNA was amplified for 26 DNA extracts. Twenty PCR products were sequenced directly, while six had to be cloned. Sequencing of cloned products provides eight additional sequences. Also, four sequences from N. hyalinosphaira and five from N. antarctikos were obtained from intact arborescent specimens (i.e., obtained from sediment cores). The sequence divergence within each of the species was very low (Ͻ0.1%). Several identical sequences were obtained, suggesting that TAQ polymerase errors or sequencing artifacts were very rare.
Results of these sequence analyses are presented in Figure  2 . Out of 28 sequences obtained from quartz spheres, 15 were identical to the sequences of N. hyalinosphaira and one was identical to the sequences of N. antarctikos. Two sequences (A136, A1319) branched close to both species, and probably represent another related species. Two other sequences (A119, A121) branched next to the Hemisphaerammina group. The remaining sequences showed affinities to other allogromiids not included in this analysis. In total, almost 50% of examined quartz spheres represented a large spectrum of diverse allogromiid groups. This large proportion of misidentified morphotypes further reflects the ''bewildering assortment of other spherical and domed agglutinated structures'' present at the study site (Gooday and others, 1996) .
The most striking molecular feature of N. hyalinosphaira and N. antarctikos rDNA is the paucity of sequence variation within and between the specimens. Until now, most of the examined foraminiferal species show a strong polymorphism of rDNA copies (Pawlowski and others, 1997) . In Ammonia beccarii, for example, the sequence divergence ranges from 0.2% to 7.1% between specimens of the same species, and reach up to 4.9% between LSU rDNA copies in the same specimen (Holzmann and others, 1996) . High sequence divergence was also observed in the genus Glabratella (Pawlowski and others, 1994) . On the other hand, SSU rDNA sequence divergence in the genus Haynesina is relatively small, ranging between 0.31 and 1.24% (Langer, 2000) . To date, only certain planktonic species (e.g., Orbulina universa) show a lack of polymorphism in rDNA sequences (de Vargas and others, 1999; Darling and others, 2000) .
Homogeneity of rDNA sequences in N. hyalinosphaira and N. antarctikos might be explained by much more efficient DNA repair systems in these species, or by other molecular mechanisms. It is also possible, however, that this phenomenon is due to the evolutionary history of notodendrodiids. For example, genetic variation may decrease in response to reduction of the effective population size (i.e., a bottleneck), which can be caused by periodically strong environmental constraints (Avise, 1994) . Although presently experiencing relatively tranquil conditions (reviewed in Gooday and others, 1996) , episodic glaciation, which is known to limit the population size of benthic foraminifers elsewhere (e.g., Korsun and Hald, 2000) , is likely to have strongly impacted the Explorers Cove benthos in the past. Alternatively, the genetic homogeneity of these notodendrodiids might be explained by their sporadic colonization of Explorers Cove from as-yet undiscovered stocks in deeper waters, and their subsequent isolation due to current patterns in McMurdo Sound (Dayton and Oliver, 1977) . Further studies of the biochemistry and genetic diversity of shallow and deep-water foraminifera in McMurdo Sound are necessary to test these hypotheses.
